INTRODUCTION {#s1}
============

Lung cancer is the leading cause of cancer deaths in the United States and worldwide \[[@R1]\]. The most commonly diagnosed type of lung cancer (about 85%) is non-small-cell lung cancer (NSCLC), which comprises two main histological subtypes, adenocarcinoma (LUAD) and squamous cell carcinoma (LUSC) \[[@R2]\]. The high mortality rates associated with NSCLC are largely due to late diagnosis \[[@R3]\]. Early detection strategies for NSCLC are still very limited \[[@R4], [@R5]\]. While screening by low-dose computed tomography was shown to reduce lung cancer mortality, this approach exhibits substantial false positive rates warranting new or complimentary strategies \[[@R6]\]. Limitations in achieving these advances are, in part, due to our lagging knowledge of early (e.g., premalignant) molecular alterations in NSCLC pathogenesis. There are few molecular alterations that have been described in premalignant lung lesions; these include mutations in the *KRAS* oncogene and loss of heterozygosity (LOH) in chromosomal regions 3p and 9p \[[@R7]\]. Earlier studies have pinpointed molecular changes in cytologically-normal airway epithelium that are shared with the lung tumor itself, a phenomenon referred to as "airway field of injury" \[[@R8]--[@R10]\]. Since they manifest in normal-appearing epithelium, airway field of injury changes are suggested to be highly pertinent to the pathobiology and early clinical management of NSCLC \[[@R10]\].

T-box (*TBX*) genes encode a family of evolutionarily conserved transcription factors implicated throughout organogenesis and development \[[@R11], [@R12]\]. *TBX* genes play essential roles in differentiation, proliferation and tissue integrity \[[@R13], [@R14]\]. Mutations in these factors are causally linked to inherited genetic disorders in humans \[[@R13], [@R14]\]. In mice, members of the *Tbx2* subfamily (*Tbx* 2, 3, 4 and 5) are expressed in the developing lungs (lung buds and trachea) \[[@R15], [@R16]\]. *Tbx2* was shown to be required in maintaining normal proliferation of lung mesenchyme in murine lungs with depletion of the gene \[[@R17]\]. *Tbx2*-deficient embryonic lungs exhibit reduced branching, and proper lung branching is largely mediated by *Tbx2* and *Tbx3* \[[@R18]\]. The other cognate gene pair, *Tbx4* and *Tbx5*, also play essential roles during mammalian development. In mice, depletion of *Tbx4* or *Tbx5* hampers bronchial differentiation in *ex-vivo* lung cultures \[[@R19]\]. Moreover, targeted inducible inactivation of *Tbx5*, but not of *Tbx4*, was demonstrated to inhibit lung bud and tracheal formation \[[@R19]\].

While *Tbx2* subfamily plays crucial roles in normal mouse lung development, the profile of these transcription factors in human NSCLC is unknown. Here, we sought to survey *TBX2* subfamily expression in different phases of human NSCLC pathogenesis. We report that all four members of the *TBX2* subfamily are suppressed in NSCLCs and premalignant precursor lesions as well as in the cancerization field in the normal-appearing airway adjacent to tumors. Lastly, we demonstrate that suppressed expression of the *TBX2* subfamily in normal airways is indicative of lung cancer status in smokers suggesting that this subfamily can serve as a high-potential biomarker for early lung cancer detection.

RESULTS {#s2}
=======

Preferential expression of *TBX2* subfamily in normal lung tissues {#s2_1}
------------------------------------------------------------------

The *TBX2* subfamily was shown to be highly expressed in normal mouse lung \[[@R18]--[@R21]\] yet, its expression and function in normal human lung tissues is poorly understood. Here, we sought to survey the expression of this subfamily in human normal tissues by *in silico* analysis of publicly available expression datasets within the genotype tissue expression (GTEx) project constituting \> 7,000 human pan-normal tissues \[[@R22]\]. Our analysis demonstrated that all four members were markedly abundantly expressed in normal lung compared with other organ-specific normal specimens (Figure [1](#F1){ref-type="fig"}). These data point to human lung lineage-specific expression patterns for the *TBX2* subfamily of transcription factors.

![Preferential expression of the *TBX2* subfamily in human normal lung\
Expression levels of *TBX2*, *TBX3*, *TBX4* and *TBX5* mRNAs were analyzed in \> 7,000 pan-normal specimens using the Genotype Tissue Expression Project (GTEx) and plotted in R. RNA-sequencing based gene expression values are denoted as transcripts per million (TPM).](oncotarget-08-68230-g001){#F1}

Suppressed expression of the *TBX2* subfamily in NSCLCs relative to normal lung tissues {#s2_2}
---------------------------------------------------------------------------------------

We then statistically compared and contrasted expression of the four *TBX2* subfamily members in an expression dataset of NSCLCs and normal lung tissues we previously reported \[[@R23]\]. We found that all four members were significantly and notably decreased in LUADs relative to normal lung tissues (Figure [2A](#F2){ref-type="fig"}; all *P* \< 10^−10^). Expression of the *TBX2* subfamily significantly distinguished LUADs from normal lung tissues ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}, *P* \< 0.001 of the Fisher\'s exact test). Of note, expression of all four *TBX2* subfamily members in LUADs and normal lung tissues was statistically highly positively correlated (all *P* \< 0.001; [Supplementary Figure 2](#SD1){ref-type="supplementary-material"}). Further, we confirmed the suppressed expression of the *TBX2* subfamily in NSCLCs by analysis of additional publicly available expression datasets \[[@R24]--[@R26]\] (all *P* \< 10^−9^, [Supplementary Figure 3](#SD1){ref-type="supplementary-material"}). We then performed gene-gene interaction network analysis to identify topologically-organized genes downstream of *TBX2*, *TBX3*, *TBX4* and *TBX5* and that are differentially modulated in LUADs relative to normal lung tissues. This analysis underscored canonical tumor promoting genes (e.g. cell cycle promoting genes such as *CDK1* and *BUB1*) that were up-regulated in LUADs relative to normal lung tissues and concomitantly downstream of down-regulated *TBX2* with the same gene-network (Figure [2B](#F2){ref-type="fig"}). These results point to commonly occurring suppressed expression of the *TBX2* subfamily in human NSCLC.

![Suppressed expression of the *TBX2* subfamily in human NSCLC\
(**A**) Expression levels of *TBX2* subfamily were probed in a normalized expression dataset of 80 LUADs and 30 normal lung tissues we previously reported \[[@R23]\]. Expression differences were statistically analyzed using Wilcoxon rank sum tests. Boxes represent 25%--75% ranges. Solid horizontal lines represent median values. (**B**) Known downstream *TBX2* subfamily target genes that are differentially expressed between LUADs and normal lung tissues (FDR \< 0.05, fold-change ≥ 2), along with the subfamily itself, were organized into gene networks using Ingenuity Pathways Analysis (IPA) (red; up-regulated in tumors; green, down-regulated).](oncotarget-08-68230-g002){#F2}

Down-regulation of the *TBX2* subfamily in premalignant lung lesions {#s2_3}
--------------------------------------------------------------------

We next determined *TBX2* subfamily expression in premalignant precursors of lung cancer. We probed *TBX2* subfamily expression in ongoing transcriptome sequencing efforts to profile global expression changes in normal lung tissues, AAHs and early-stage LUADs acquired from 17 patients. Tissue sections from the samples were histopathologically evaluated (Figure [3A](#F3){ref-type="fig"}) to confirm normal, premalignant and malignant diagnosis. Transcriptome sequencing analysis (see Materials and Methods) in this cohort revealed significant down-regulation of all four *TBX* genes in AAHs and LUADs relative to normal lung tissues (all *P* \< 0.0001 of the Kruskal--Wallis test; Figure [3B](#F3){ref-type="fig"}). Of note, this observed down-regulation was also progressive with expression of the genes decreased in AAHs and further suppressed and lowest in the LUADs (Figure [3B](#F3){ref-type="fig"}). These findings suggest that down-regulation of the *TBX2* subfamily is possibly implicated in the development of premalignant precursors (i.e., AAHs) and in the progression of these lesions to malignant LUADs.

![Progressive down-regulation of *TBX2* subfamily in premalignant and malignant lung tissues\
FFPE specimens from normal lung tissues, AAHs and LUADs (from 17 patients) were analyzed by transcriptome sequencing using the Ion Torrent Proton platform (see Materials and Methods). (**A**) Representative photomicrographs of a matched set of tissues. Arrows in middle panels point to lesions diagnosed as AAHs. The scale bars in the left panels are the same for all panels in each row. (**B**) Statistical analysis of expression differences among the three groups was performed using the Kruskal-Wallis test. Boxes represent 25%--75% ranges and whiskers constitute maxima and minima. Solid horizontal lines represent median values.](oncotarget-08-68230-g003){#F3}

Suppressed expression of the *TBX2* subfamily in the cancerization field in the normal-appearing airway {#s2_4}
-------------------------------------------------------------------------------------------------------

Earlier work revealed that there are molecular changes that are shared between adjacent normal-appearing airway epithelial cells and lung tumors themselves, a phenomenon, referred to as airway cancerization field \[[@R10]\]. We statistically interrogated the expression levels in a dataset we recently reported and comprised of matched NSCLCs, multiple adjacent normal-appearing airway brushings and distant normal lung tissues from 20 patients \[[@R27]\]. This analysis revealed that all four members of the *TBX2* subfamily were markedly down-regulated in both NSCLCs and the adjacent airway cancerization field relative to distant normal lung tissues (all *P* \< 10^−15^ of the Kruskal--Wallis test; Figure [4](#F4){ref-type="fig"}).

![Suppressed expression of the *TBX2* subfamily in the normal-appearing airway cancerization field\
Expression levels of the *TBX2* subfamily were interrogated in a normalized dataset we previously reported \[[@R27]\] and that is comprised of matched NSCLCs, multiple adjacent cytologically-normal small airway brushings and distant normal lung tissues (see Materials and Methods section). Differences in expression among the three groups were statistically analyzed using the Kruskal-Wallis test. Boxes represent 25%--75% expression ranges and solid horizontal lines represent median values.](oncotarget-08-68230-g004){#F4}

Previous studies have demonstrated that cigarette smoking induces genome-wide expression changes in the airway suggestive of a "field of injury" \[[@R8]\]. Moreover, this airway field of injury is thought comprise markers for early detection of the disease \[[@R8], [@R10], [@R27]--[@R29]\]. We studied expression of *TBX2* subfamily in the airway field of injury of smokers with lung cancer contrasting patterns in the field of cancer-free smokers using the dataset by Spira *et al*. comprised of 164 suspect smokers \[[@R28]\]. Expression of the *TBX2* subfamily was reduced in uninvolved mainstem bronchi of smokers with lung cancer relative to cancer-free smokers. Following hierarchical clustering, reduced expression of *TBX2* subfamily in minimally invasive and relatively readily accessible normal large airways was found to be a significantly (*P* \< 10^−5^ of the Fisher\'s exact test) associated with lung cancer in the suspect high-risk smokers (Figure [5](#F5){ref-type="fig"}). These findings suggest that suppressed expression of the *TBX2* subfamily likely occurs very early on in NSCLC pathogenesis and may serve as a viable biomarker for early detection of lung cancer among suspect smokers with indeterminate nodules.

![Suppression of the *TBX2* subfamily in the airway field of injury in smokers\
(**A**) *TBX2* subfamily expression levels were analyzed in the dataset by Spira and colleagues \[[@R28]\] comprised of uninvolved mainstem bronchi from 164 suspect smokers with and without lung cancer. Following re-normalization (see Materials and Methods) section, the samples were clustered based on *TBX2* subfamily expression (blue; down-regulated, yellow; up-regulated compared to the median). Statistical analysis of differences in the numbers of smokers with and without lung cancer between the two clusters was performed using the Fisher\'s exact test. (**B**) Schematic illustration depicting that the *TBX2* subfamily may serve as a high-potential bronchial four-gene classifier for early detection of lung cancer in smokers.](oncotarget-08-68230-g005){#F5}

DISCUSSION {#s3}
==========

We interrogated the expression of the *TBX2* subfamily of transcription factors in early phases of human NSCLC pathogenesis. We first found that the four members of the subfamily were preferentially up-regulated in human normal lung tissues as well as consistently suppressed in human lung NSCLCs concomitant with aberrant modulation of various downstream *TBX* target canonical cancer-associated markers. We revealed by transcriptomic analysis that the *TBX* genes were significantly suppressed in premalignant lung lesions (AAHs) and in the cancerization field in the tumor-adjacent normal-appearing airway relative to uninvolved normal lung. Lastly, we found that suppressed expression of the *TBX2* subfamily in cytologically-normal mainstem bronchi significantly distinguished smokers with lung cancer from cancer-free smokers. Our findings demonstrate that suppression of the *TBX2* subfamily occurs early on in human NSCLC pathogenesis and exhibits diagnostic properties of a candidate high-potential biomarker for early detection of lung cancer in high-risk smokers.

We demonstrated concomitant aberration of cancer-associated downstream targets of the *TBX2* subfamily. We surveyed a *TBX5*-mediated gene network and found that it comprised up-regulated expression of baculoviral IAP repeat containing 5 (*BIRC5*), a member of the inhibitor of apoptosis (IAP) family that plays crucial anti-apoptotic roles in cancer \[[@R30]\]. We also found that the modulated *TBX2*-gene neighborhood in LUADs comprised concomitant up-regulation of numerous canonical oncogenes. These included, among others, known promoters of cell cycle progression, carcinogenesis and inhibitors of apoptosis such as aurora kinase A *(AURKA*), budding uninhibited by benzimidazoles *(BUB1*) and cyclin-dependent kinase 1 (*CDK1*) \[[@R31], [@R32]\]. Our findings are in line with a previous integrative profiling study of a small set (*n* = 6) of East Asian non-smoker LUADs that computationally predicted inhibition of the *TBX2* subfamily member *TBX5* in LUADs relative to normal lungs \[[@R33]\]. Our findings support the supposition that the *TBX2* subfamily may function as a tumor suppressor in human NSCLC.

We also found, by transcriptome sequencing, that suppression of the *TBX2* subfamily occurs in AAHs, lesions that represent the only known precursors for human LUAD and the biology of which is still poorly understood. Among the few molecular aberrations that were reported in AAH lesions are loss of heterozygosity (LOH) in chromosomal regions 3p, 9p, 9q, 17q and 17p \[[@R7]\]. It is noteworthy that *TBX2* and *TBX4* map to 17q23 \[[@R34]--[@R36]\] suggesting that reduced expression of both AAHs and LUADs may simply be a surrogate of 17q23 LOH. Future studies are warranted to functionally probe the effect of *TBX2* subfamily expression on the malignant phenotype of NSCLC. Nonetheless, it is intriguing to speculate that suppressed expression of the *TBX2* subfamily may serve as a putative marker for progression of premalignant lesions to malignant lung tumors. It is worthwhile to note that *Tbx2* subfamily members in the mouse were shown to be highly expressed, relative to airway epithelium, in the lung mesenchyme \[[@R17]\]. It is possible that suppression of *TBX2* subfamily expression in premalignant and malignant lung lesions may be due to an expansion of *TBX*-negative lung epithelial cells during lung oncogenesis. Yet, our findings insinuate that *TBX2* subfamily is adequately expressed in human airway epithelium and normal lung parenchyma. Our supposition is supported by the following findings: 1) expression levels of all four members of the *TBX2* subfamily were highest in human normal lung tissue among many (\> 7,000) pan-normal human tissues form various organs; 2) the *TBX2* subfamily was markedly and significantly higher in normal lung parenchyma relative to premalignant lesions as well as to NSCLCs from various datasets and, notably, 3) the *TBX2* subfamily was even highly expressed in airway/bronchial epithelial brushings (comprising greater than 98% airway epithelial cells from the mainstem bronchus; \[[@R28]\]) obtained from smokers without lung cancer relative to brushings from smokers diagnosed with lung malignancy. Further, our transcriptome sequencing findings are corroborated by the recent report by Ma and colleagues demonstrating suppressed *TBX5* expression in NSCLC \[[@R37]\]. Forthcoming work is warranted to validate the expression of the *TBX2* subfamily in lung preneoplasia using orthogonal measures (e.g., immunohistochemistry).

We recently defined the transcriptomic architecture of the cancerization field in the normal-appearing airway adjacent to tumors \[[@R27]\]. Here, we demonstrate that all four members of the *TBX2* subfamily are consistently and significantly suppressed in the adjacent normal-appearing airway cancerization field in early-stage NSCLC patients. Our findings suggest that the *TBX2* subfamily is suppressed in early ("normal") phases in NSCLC pathogenesis. Of note, it is reasonable to speculate that the *TBX2* subfamily may function to prevent loss of differentiation of airway cells owing to a) the known roles of the subfamily in normal lung cell differentiation and organogenesis \[[@R18], [@R19]\] and b) our present findings on significant suppression of the genes in the normal-appearing airway cancerization field. Of note, earlier studies demonstrated that smoking perpetuates a widespread "field of injury" in the airway that includes genome-wide expression changes thought to be significant for early detection \[[@R8], [@R38]\]. We analyzed expression of the *TBX2* subfamily in a dataset comprised of cytologically-normal epithelial brushings of uninvolved mainstem bronchi obtained from suspect smokers during bronchoscopy \[[@R28]\]. We found that not only the subfamily was down-regulated in normal bronchi of smokers with lung cancer compared to cancer-free smokers but also that expression of the genes was indicative of lung cancer status. Endoscopic bronchoscopy is sometimes non-diagnostic in the clinical setting particularly among smokers with intermediate-risk \[[@R29]\]. Recent studies have derived bronchial-gene classifiers that improve the specificity of bronchoscopy among patients with an intermediate pretest probability of cancer. Our findings warrant future studies to validate the diagnostic capacity of the putative *TBX2* four-gene classifier in additional cohorts and in combination with bronchoscopy.

Earlier reports have suggested that expression levels of *TBX2* are elevated in NSCLC \[[@R39], [@R40]\]. The reports by Hu et al. \[[@R39]\] and Zhang et al. \[[@R40]\] interrogated TBX2 protein by immunohistochemistry in NSCLCs alone (tissue microarrays) and suggested that tumors with relatively high expression of the protein (based on percent positivity within the tumors themselves) exhibited comparatively poor prognosis \[[@R39], [@R40]\]. The same reports studied expression levels of the *TBX2* gene (e.g. by quantitative real-time PCR) in NSCLCs and paired normal lung tissues in a smaller subset of NSCLC cases (*n* = 40 to 50) \[[@R39], [@R40]\] demonstrating that the gene is elevated in the tumors. These earlier studies \[[@R39]--[@R41]\], albeit few, point to putative oncogenic roles and properties for the *TBX2* gene in human NSCLC. In contrast, our findings, collectively, revealed that the *TBX2* gene is markedly suppressed in NSCLC relative to normal lung from four publicly available expression datasets \[[@R23]--[@R26]\] ([Supplementary Figure 3](#SD1){ref-type="supplementary-material"}). Of note, we replicated these findings in six additional independent cohorts \[[@R42]--[@R47]\] of NSCLCs and normal lung tissues ([Supplementary Figure 4](#SD1){ref-type="supplementary-material"}) --- all consistently showing significantly suppressed expression of *TBX2* in NSCLC. Using ten cohorts of over 750 NSCLCs, that had originally employed different platforms (e.g. Affymetrix and Illumina), our study strongly points to suppressed levels of *TBX2* mRNA in the lung malignancy. A comparison and contrast of our study\'s design and conclusions to the aforementioned earlier reports by Hu et al. and Zhang et al. \[[@R39], [@R40]\] may explain this stark discrepancy. For one, we studied all members of the *TBX2* subfamily demonstrating that all four members are down-regulated in different phases in the pathogenesis of human NSCLC. We also demonstrated that the four members of the *TBX2* subfamily are highest in normal lung tissues relative to all other normal tissues from other organs using transcriptome sequencing data from over 7,000 specimens thus clearly showing relatively high expression of the factors in normal lung. We interrogated complimentary datasets and cohorts that utilized different technologies (arrays and next-generation sequencing) and comprised different phases in the pathogenesis of NSCLC, namely premalignant lung lesions and cytologically-normal airway epithelia in the cancerization field adjacent to tumors --- all pointing to suppressed expression of the *TBX2* subfamily in NSCLC. Further, we successfully extended our findings to early detection of lung cancer by also demonstrating reduced expression of the subfamily in airways of smokers with lung cancer relative to those without the malignancy (from an independent cohort) thus providing a non-linear proof-of-principle validation of reduced expression of *TBX2* subfamily in early-stage lung cancer. Our findings on suppressed expression of *TBX2* subfamily in NSCLC are also in congruence with various recent reports implicating tumor suppressive properties for members of the *TBX2* subfamily. While the report by Wu et al. \[[@R41]\] showed that *TBX3* is up-regulated in NSCLC, the same study demonstrated that a fraction of NSCLCs show reduced expression of the gene. Low expression of *TBX4* gene was reported to be associated with worse prognosis among patients with stage II pancreatic ductal adenocarcinoma \[[@R48]\]. Ectopic over-expression of TBX5 protein was demonstrated to inhibit colon cancer cell proliferation and induce apoptosis thus functioning as a putative tumor suppressor \[[@R49]\]. A recent study by Ma and colleagues \[[@R37]\] demonstrated that expression of *TBX5*, is suppressed in NSCLC and over-expression of the gene inhibits proliferation and invasion in NSCLC cell lines. Also, the report by Du et al. \[[@R33]\], as mentioned earlier, computationally demonstrated, by DNA methylation and microRNA profiling analyses, inhibition of the *TBX5* factor in human LUADs relative to normal tissues. Our extended findings may be, in part, due to the relatively more comprehensive nature of our study that employed a larger cohort of profiled NSCLCs, different profiling technologies and different phases (normal-appearing and premalignant) of human NSCLC.

In conclusion, we demonstrate that the *TBX2* subfamily is markedly decreased in human premalignant and malignant lung lesions compared to normal lung. We also report that the *TBX2* subfamily is suppressed in the normal-appearing airway cancerization field in NSCLC. Further, we found that suppressed expression of the *TBX2* subfamily in normal and minimally invasive sites in the lung is diagnostic of lung cancer. Our study provides evidence that the *TBX2* subfamily may serve as a high-potential bronchial four-gene biomarker for early detection of lung cancer in suspect smokers.

MATERIALS AND METHODS {#s4}
=====================

*In silico* analysis of *TBX2* subfamily expression in normal and malignant lung tissues {#s4_1}
----------------------------------------------------------------------------------------

Levels of *TBX2, TBX3, TBX4* and *TBX5* mRNAs were assessed in expression data of \> 7,000 pan-normal tissues from the Genotype-Tissue Expression (GTEx) project version V6p \[[@R22]\]. *TBX2* subfamily expression was analyzed in our previously reported dataset of LUADs (*n* = 80) and normal lung tissues (*n* = 30) \[[@R23]\]. Hierarchical clustering of the LUADs and normal lung tissues was performed in R. Expression correlation analysis of *TBX2* subfamily was performed using Pearson\'s correlation. Topological network analysis of gene targets downstream of *TBX2* subfamily was performed using Ingenuity Pathways Analysis (IPA) \[[@R23]\]. Expression levels of the *TBX2* subfamily members were also statistically analyzed, using the Wilcoxon rank sum test, in three independent publicly available array datasets \[[@R24]--[@R26]\].

Cohort of atypical adenomatous hyperplasias {#s4_2}
-------------------------------------------

Matched normal lung tissues, atypical adenomatous hyperplasias (AAHs) and early-stage (stages I and II) LUADs were studied by transcriptome sequencing. Cases with available AAHs were included in the analysis (*n* = 17 patients). Formalin-fixed paraffin embedded (FFPE) specimens were obtained from the Aichi Cancer Center (Nagoya, Japan) and Nagasaki University (Nagasaki, Japan) and were approved for study by institutional review boards (IRBs). LUAD staging and pathological assessment was determined in the manner previously reported by Travis and colleagues \[[@R50]\]. Histopathology assessment of AAHs and LUADs was performed by analysis of H&E stained alternating slides (from 5 micron sections) with sections in between (10 micron) preserved for RNA isolation.

Transcriptome sequencing analysis {#s4_3}
---------------------------------

Five to 15 sections/slides per specimen were deparaffinized prior to scraping of normal tissues and lesions with 25-gauge needles under a stereomicroscope. Tissue fragments were then collected in lysis buffer PKD (Qiagen). Total RNA was isolated using the AllPrep DNA/RNA FFPE kit from Qiagen following the manufacturer\'s protocol. Concentrations were measured on a NanoDrop 1000 (Thermo) and RNA integrity numbers (RINs) were obtained on the 2100 Bioanalyzer (Agilent Technologies) using the RNA 6000 Nano or Pico kit.

RNA (30 ng) were reverse-transcribed and barcoded cDNA libraries were generated using the Ion AmpliSeq Transcriptome Human Gene Expression Kit (Thermo Fisher Scientific) adhering to the manufacturer\'s protocol for FFPE samples. Library concentrations were determined using the Ion Library TaqMan Quantitation Kit. Specimens from two cases were processed together in one sequencing chip. Template reactions were carried out using the Ion PI Hi-Q OT2 200 Kit and then loaded onto Ion PI chips v3 using the Ion PI Hi-Q Sequencing 200 Kit based (Thermo Fisher Scientific). All samples were sequenced on an Ion Proton sequencer. The Ion Torrent Suite 5.0 was used for assessing quality of the libraries and sequencing runs. Base calling results for each sample were aligned to a reference file (hg19_ampliseq_transcriptome_ercc_v1.fasta) standard to the Ion Torrent Suite software. The aligned files were then transferred over to the Partek flow software and transcriptomes from the mapped .bam files were quantified using a modified version of the expectation-maximization (E/M) algorithm as described previously \[[@R51]\]. Resultant transcript counts were log (base 2) transformed. Expression levels of the *TBX2* subfamily were extracted, analyzed by Kruskal--Wallis test among the different groups and plotted using R.

Analysis of *TBX2* subfamily expression in the cancerization field in the normal-appearing airway {#s4_4}
-------------------------------------------------------------------------------------------------

*TBX2* subfamily expression levels were analyzed in matched early-stage NSCLCs, brushings from multiple tumor-adjacent small airways and distant normal tissues from 20 patients, from a dataset we previously reported \[[@R27]\], using the Kruskal--Wallis test and R. Expression levels of the subfamily were assessed in the dataset by Spira *et al*. \[[@R28]\] comprised of normal epithelial brushings from the uninvolved mainstem bronchus of 164 lifetime smokers (78 with lung cancer and 86 cancer-free) with suspicion of lung cancer. The CEL files corresponding to the training and test from the Spira *et al*. study were re-normalized to produce gene-level expression values by robust multiarray analysis in the Bioconductor software suite \[[@R52]\]. A linear model was used to adjust the expression estimates for the mean *Z* score quality metric. Differential gene expression between airways from healthy smokers and those with lung cancer was assessed using two-tailed Student\'s *t* test. Differences in the number of smokers with lung cancer and those without the malignancy between clusters derived based on *TBX2* subfamily expression were statistically assessed using Fisher\'s exact test. Similar analysis of the *TBX2* subfamily was performed in an additional dataset GSE66499 \[[@R29]\] of normal large airways from 680 suspect smokers.

SUPPLEMENTARY MATERIALS AND FIGURES {#s5}
===================================
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